Coupling Gβγ-Dependent Activation to Channel Opening via Pore Elements in Inwardly Rectifying Potassium Channels  by Sadja, Rona et al.
Neuron, Vol. 29, 669–680, March, 2001, Copyright ª 2001 by Cell Press
Coupling Gbg-Dependent Activation to
Channel Opening via Pore Elements in
Inwardly Rectifying Potassium Channels
In the present study, we have devised a novel yeast-
based random screening approach to identify amino
acids that are important for channel gating, screening
the entire coding sequence for channels that open in
the absence of Gbg subunits. Using this approach, we
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Israel found that amino acid residues in the second trans-
membrane domain, TM2, affect channel gating and are
thus likely to be involved in the activation gating re-
arrangement. Activities of some of the channel mutantsSummary
were completely independent of receptor stimulation or
the availability of free Gbg subunits. Interestingly, theG protein–coupled inwardly rectifying potassium chan-
nels, GIRK/Kir3.x, are gated by the Gbg subunits of the activity of the channel mutant still depended on the
availability of PtdIns(4,5)P2. The mechanism by whichG protein. The molecular mechanism of gating was
investigated by employing a novel yeast-based ran- these mutations bypass G protein gating of the channel
may be to adopt a constitutive open conformation thatdom mutagenesis approach that selected for channel
mutants that are active in the absence of Gbg. Muta- involves reorientation of the second transmembrane do-
main. These results seem to provide a mechanism fortions in TM2 were found that mimicked the Gbg-acti-
vated state. The activity of these channel mutants was channel gating that resembles the gating mechanism
seen in a bacterial potassium channel, KcsA (Perozo etindependent of receptor stimulation and of the avail-
ability of heterologously expressed Gbg subunits but al., 1999), thus suggesting evolutionary conservation of
the gating structure in potassium channels possessingdepended on PtdIns(4,5)P2. The results suggest that
the TM2 region plays a key role in channel gating fol- two transmembrane domains.
lowing Gbg binding in a phospholipid-dependent man-
ner. This mechanism of gating in inwardly rectifying Results
K1 channels may be similar to the involvement of the
homologous region in prokaryotic KcsA potassium Random Mutagenesis Screen for Gbg-
channel and, thus, suggests evolutionary conservation Independent Channel Mutants
of the gating structure. We devised a yeast-based random mutagenesis ap-
proach to identify the elements responsible for channel
Introduction gating of G protein–coupled inwardly rectifying K1 chan-
nels, GIRK/Kir3.x. The screen was based on a yeast
Neurotransmission through 7-TM receptors coupled to mutant strain, SGY1528 (Tang et al., 1995), which lacks
Pertussis toxin-sensitive G proteins negatively affects both the high- and low-affinity K1 transporters and thus
cellular excitability. One of the main mechanisms medi- is unable to grow on low-potassium media. Yeast growth
ating this response is the activation of G protein– can be complemented with a potassium transporter or
coupled inwardly rectifying potassium channels, GIRK/ a channel that is capable of passing K1 ions close to
Kir3.x. Among the most notable physiological responses the yeast resting membrane potential (Sentenac et al.,
mediated by these channels are the slowing of the heart 1992; Tang et al., 1995). Indeed, when the G protein–
rate (Wickman et al., 1998) and the generation of slow independent inwardly rectifying K1 channel, Kir2.1, was
postsynaptic inhibitory signaling in the brain (Lu¨scher introduced into this yeast strain, it enabled the yeast
et al., 1997). The activation of the Kir3.x channels is mutant to grow on low K1 media (Figure 1A; Tang et al.,
mainly mediated by the dissociated free Gbg subunits 1995; Minor et al., 1999). In contrast, introduction of the
of the G protein (Logothetis et al., 1987; Reuveny et al., G protein–coupled K1 channel mutant, Kir3.1(F137S),
1994; Wickman et al., 1994) through a direct interaction which functionally expresses as a homotetramer (Sui
with the cytosolic C and N termini of the channel (Ina- et al., 1996), did not complement yeast growth on low
nobe et al., 1995; Kunkel and Peralta, 1995; Slesinger K1-containing media (Figure 1A). This indicated that
et al., 1995; Huang et al., 1997; Krapivinsky et al., 1998). Kir3.1(F137S) is inactive in this yeast strain, due to the
This activation mechanism by the Gbg subunits is also lack of activation by the yeast Gbg subunits (Peng et al.,
affected by other elements such as Na1 and Mg21 ions 2000). We reasoned that mutations in the Kir3.1(F137S)
and the anionic phospholipid, phosphatidylinositol-4,5- channel that favor the open conformation in the absence
bisphosphate [PtdIns(4,5)P2] (Sui et al., 1996, 1998; of Gbg subunits would render the channel able to com-
Huang et al., 1998; Petit-Jacques et al., 1999; Zhang plement growth on low K1 so that survival on low K1
et al., 1999). Despite the available information on the could be used as a method to screen for mutations that
binding of Gbg to the channel, little is known about affect the open stability of the gate. Since the location
the overall channel conformational rearrangement that of the channel gate is not known, we tried to avoid
leads to channel opening. any bias toward a particular channel domain and thus
devised a random mutagenesis approach on the full-
length Kir3.1(F137S) channel. A mutant channel library,* To whom correspondence should be addressed (e-mail: e.reuveny@
weizmann.ac.il). with approximately one out of every hundred amino acid
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proved to be obligatory for supporting growth in low
K1 concentration, indicating that the mutant channels
functionally express in this yeast strain.
Functional Expression of Channel Mutants
in Xenopus Oocytes
In order to finally determine the functional impact of the
mutations and to assess the ability of these mutants to
gate in response to receptor activation, we coexpressed
them with the m2 muscarinic receptor (m2R) in Xenopus
oocytes (Reuveny et al., 1994), where, unlike in yeast,
the native Gbg is compatible with Kir3.x channels. Out
of the five parent mutant types isolated by the yeast
screen, four expressed sufficiently well in oocytes to
be characterized. We decided to directly characterize
constitutive channel activity based on receptor-acti-
vated gating rather than relying on basal activity in Xeno-
pus oocytes. This is because we do not expect the
channel to have any basal activity in yeast due to the
inhibitory action of the yeast Gbg (Peng et al., 2000),
and therefore, rescue of the yeast phenotype is allowed
only when the mutant channel displays Gbg-indepen-
dent activity. We therefore expect that the wild-type
channel will have no basal activity in the yeast, and
mutants with even a small amount of Gbg-independent
activity will allow sufficient K1 flux, rendering yeast sur-
vival on low K1-containing media. In contrast, basal
channel activity in oocytes depends on free Gbg levels.
When testing the parent mutants type 2, type 3, type 4,
and type 5, they display a smaller fold increase in in-
wardly rectifying current induced by carbachol [0.96 6
0.07, 1.29 6 0.04, 2.03 6 0.18, 2.72 6 0.21–fold induc-
tion, respectively, compared to 4.54 6 0.35–fold induc-
tion of the Kir3.1(F137S) background channel (Figure
2B)]. These results suggest that these four mutants are
constitutively active and thus respond to a lesser extent
to receptor stimulation. Sequence analysis of the chan-
Figure 1. Rescue of Yeast Lacking Essential Potassium Transport- nel mutants revealed the presence of mutations in both
ers by Kir3.1(F137S) Channel Mutants
the N- and C-cytoplasmic domains as well as in the
(A) Mutant yeast is able to grow on media containing 100 mM KCl in
second transmembrane domain, TM2. A minimal num-the absence of K1 transport (V) or when containing the Kir3.1(F137S)
ber of mutations in the first transmembrane domain orchannel but cannot grow on 2 mM KCl media. Introduction of Kir2.1
in the pore region were observed (Figure 2C). In orderchannel or the five types of parent Kir3.1(F137S) mutants identified
in the screen (1–5) can support growth on media containing 2 mM to localize the mutations responsible for the constitutive
KCl. activity, we made chimeric or single-mutant channels
(B) Western blot identifying Kir3.1 protein in the absence of methio- between the various parts of the parent mutants in the
nine and its suppression in the presence of media containing 1 mM
Kir3.1(F137S) background and tested their ability to con-methionine.
fer the phenotype of the parent mutant type. The follow-(C) The ability of the five parent mutants to rescue the yeast on 2
ing chimera or single mutations and their correspondingmM KCl-containing media is also suppressed in the presence of 1
mM methionine. fold induction by 3 mM carbachol (in parentheses) were
as follows: for type 1 mutations, F181S (2.86 6 0.11),
N220D (2.42 6 0.27); type 2 mutations, G58A (1.74 6
0.12), C179R (1.07 6 0.11), Q237L (2.58 6 0.19), L366Psubstitutions randomly distributed in the coding se-
quence, was constructed (Leung et al., 1989) and not examined; type 3 mutations were divided into the
following chimeras with the multiple mutant combina-screened for its ability to support yeast growth in low
K1 (2 mM). Nineteen independent clones were isolated, tions F8L, T17P, and K41E (2.93 6 0.21), K79E, T89S,
and S170P (1.25 6 0.09), and I331T, I372V, R409S, andbased upon survival in low K1. These clones were se-
quenced and were grouped into five families or “parent K476E (1.53 6 0.12); type 4 mutations V38E (2.32 6
0.17), Q165L (3.12 6 0.14), and the chimera containingmutant types” that had common mutations appearing
together (Table 1). Suppression of channel protein ex- F255L, L366P, M458V, and S464G (1.61 6 0.08); type 5
mutations V93A (3.45 6 0.51), I138V, and I182T (1.93 6pression (Figure 1B) (Mumberg et al., 1994) by the inclu-
sion of methionine in the media abolished the ability of 0.18), S197G was not investigated. These results sug-
gest that some of the mutations in the TM2 domain arethe mutants to grow on low K1 (Figure 1C). Thus, in all
cases, the presence of the expressed mutant channels responsible for the constitutively active phenotype of
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Table 1. The Original Mutations Obtained in the Yeast Screen
Parent Parent Parent Parent Parent
Type 1 Type 1a Type 2 Type 3 Type 3a Type 3b Type 4 Type 4a Type 5
S62G S62G G58A F8L F8L F8L V38E V38E V93A
D77A D77A C179R T17P T17P T17P Q165L Q165L I138V
F181S F181S Q237L K41E K41E K41E F255L F255L I182T
N220D N220D L366P K79E K79E K79E L366P L366P S197G
T89S T89S T89S M458V M458V
S170P S170P S170P S464G S464G
I331T I331T I331T
These mutations appeared C53G I372V M458V V256G
once in addition to R409S S464G E300Q
the parent mutations K476E
Amino Acid Substitutions 4 5 4 7 10 9 6 8 4
Length 370 370 377 Full Full Full Full Full 284
Number of appearances 2 1 3 1 1 1 8 1 1
The mutant types were classified into five parent groups based on the appearance of specific mutations along the Kir3.1(F137S) channel. In
addition, information regarding the frequency of appearances is provided. Some of the mutant types had additional point mutations and
therefore were classfied as subtype, e.g., 1a, 3a, 3b, and 4a.
the channel seen in the parent mutants. When the corre- Additional Mutations that Affect Channels Gating
We further characterized the effect on gating of thesponding single mutations in the TM2 domain were in-
troduced into Kir3.1(F137S) background, some showed S170/S176 and C179/C185 positions in the Kir3.1/Kir3.4
channel context. To do this, we introduced mutationsconstitutive channel activity. Specifically S170P, C179R,
and I182T exhibited this phenotype (Figures 2D and 2E). at these two locations in order to change the amino acid
identities to ones found at analogous positions in Kir2.1.In addition, from quantitative Western blot analysis, it
is apparent that the TM2 mutations do not affect the In contrast to the high basal activity and the m2R-inde-
pendent channel activity of the proline mutation at S170/efficiency or level of expression of the channel protein
in Xenopus oocytes (Figure 2F). These results suggest S176 position [Kir3.1(S170P)/Kir3.4(S176P)], a mutation
at this site to cysteine [Kir3.1(S170C)/Kir3.4(S176C)], thethat some of the mutations in the TM2 domain are re-
sponsible for the constitutively active phenotype of the analogous residue in Kir2.1, retained the wild-type ability
to be activated by receptor stimulation (Figure 3E). Onechannel seen in the parent mutants.
possibility for the difference in the effect of the mutation
to proline and the mutation to cysteine at this positionHeteromultimeric Context of Channel Mutants
Since most of the Kir3.x channels found in native tissues is the nature of the proline when introduced in the middle
of a transmembrane a helix (see below). In contrastare heteromultimers of Kir3.1/Kir3.4 or Kir3.1/Kir3.2 in
heart and brain, respectively (Duprat et al., 1995; Krapi- to the Kir3.1(S170C)/Kir3.4(S176C) mutation, mutating
C179/C185 positioned at the C-terminal part of TM2 tovinsky et al., 1995; Velimirovic et al., 1996; Jelacic et al.,
1999), we wanted to check whether the single mutations alanine, the residue at the analogous position in Kir2.1
[Kir3.1(C179A)/Kir3.4(C185A)], showed impaired recep-identified in the Kir3.1(F137S) channel background would
also have a similar phenotype in a heteromultimeric con- tor stimulation and a Gb1g2-independent activity (Figure
3E). These results suggest that mutations at the middletext. We therefore introduced the single mutations found
in the TM2 domain into both the wild-type Kir3.1 and and the C-terminal part of TM2 may affect channel activ-
ity via different mechanisms.Kir3.4 cDNAs and tested the ability of m2R stimulation
to activate heteromultimeric channels formed by their To better understand the effect of mutations in the
C-terminal part of TM2, we introduced all naturally oc-coassembly. As in the case of the Kir3.1(F137S) back-
ground, these mutations altered gating as part of the curring amino acids at the Kir3.1(C179)/Kir3.4(C185) po-
sitions and tested their basal activity and their ability toKir3.1/Kir3.4 heteromultimer, showing basal activity with
little receptor stimulation (Figures 3A–3E). Since the mu- gate by m2R stimulation. As shown in Figure 4A, basal
activity of these mutants varies and is not correlatedtated amino acids identified in this screen are mostly
identical among all mammalian Kir3.x channels, the simi- with their ability to gate by m2R stimulation. We thus
compared their ability to be activated by m2R stimula-larity in the gating behavior of the mutations in the
Kir3.1(F137S) and in the Kir3.1/Kir3.4 heteromultimeric tion in relation to the nature of the side chains in these
positions. Mutating these positions to serine, alanine,channels is not surprising. It is also interesting to note
that the basal channel activity (in 90 K solution) of these glycine, glutamate, glutamine, asparagine, aspartate,
methionine, or lysine rendered the channel constitutivelymutants in the heteromultimeric context is not corre-
lated with their impaired gating by receptor stimula- active as it did with the arginine substitution that was
discovered in the screen (Figure 4A). In contrast, mutat-tion. For example, for the Kir3.1/Kir3.4, Kir3.1(S170P)/
Kir3.4(S176P), and Kir3.1(C179R)/Kir3.4 (C185R) chan- ing this position to histidine, threonine, leucine, isoleu-
cine, proline, or valine did not change the ability of thenels, the basal activity recorded from the same batch
of oocytes was 4.9 6 0.4, 29.8 6 1.1, and 1.5 6 0.1 mA, channel to gate by receptor stimulation (Figure 4A). Mu-
tating these residues to amino acids with an aromaticrespectively (Figure 3E, inset).
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Figure 2. Functional Expression in Xenopus Oocytes of the Parent Mutants Identified in the Screen and Their Corresponding TM2 Mutations
(A) Representative current-to-voltage relation curves of Kir3.1(F137S) and four of the parent mutants in the presence (closed circles) and
absence (open circles) of m2 muscarinic receptor activation (3 mM carbachol) current were evoked by a voltage step from a holding potential
of 280 mV.
(B) A bar graph summarizing the extent of carbachol induction from at least two different batches of oocytes, bars represent the normalized
currents (at 280 mV) in the absence (white) and in the presence (black) of 3 mM carbachol.
(C) Represents the frequency of observed amino acid substitutions along the channel molecule (501 aa) and, on top, a cartoon illustrating
the location of the two transmembrane domains and the H5 pore region (filled boxes).
Gbg Gating via Pore Elements in GIRK Channels
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Figure 3. The TM2 Mutations and Their Con-
stitutive Activity in a Heteromultimeric Con-
text of Kir3.1 and Kir3.4 Channels
(A–D) Representative current-to-voltage rela-
tion curves of the mutants coexpressed with
m2 muscarinic receptors, in the absence
(open circles) and presence (closed circles)
of 3 mM carbachol.
(E) Bar graph of the normalized currents in
the absence (white) and presence (black) of
carbachol, in the presence of coexpression
with Gb1g2 (gray), Gai2 (horizontally hatched),
and Gas (cross-hatched).
side chain such as tyrosine, phenylalanine, or trypto- siveness to Gbg. Experiments were designed to test
whether the impairment of the m2R-stimulated responsephan resulted in channel with no functional expression.
These results suggest that the constitutive activity oc- caused by the mutations occurred as a result of a re-
duced responsiveness to Gbg released from activatedcurs when the side chain at position Kir3.1(C179)/
Kir3.4(C185) is either small (glycine and alanine) or is receptors (He et al., 1999) or else due to indirect effect
on one of the Gbg binding sites. Therefore, we testedflexible enough (arginine, glutamate, glutamine, aspar-
tate, asparagine, lysine, or methionine) to accommodate the ability of heterologously expressed Gb1g2 to acti-
vate the channel mutants (Reuveny et al., 1994). As witha rotameric conformation parallel to the a helix axis,
which reduces projection away from the a helix back- the case of m2R stimulation of the mutants, Gb1g2 was
unable to further increase the activity of the mutantsbone (see Discussion).
identified in this screen (Figure 3E). In addition, reducing
the availability of the Gbg subunits by coexpressing GasEffects of Gbg and PtdIns(4,5)P2 on Mutant
Channel Activity or Gai2 (Lim et al., 1995) did not reduce the activity of
the mutant channels, ruling out an increase in the affinityThe simplest interpretation of the loss of m2R stimula-
tion of the channel mutants is that they lost their respon- for free cellular Gbg (Figure 3E). These results argue that
(D) Represents the alignment of the TM2 transmembrane regions of Kir3.1, Kir3.4, Kir2.1, and the five parent mutants. Boxed residues indicate
the mutations identified in the yeast.
(E) Represents the extent of induction by 3 mM carbachol of the indicated TM2 mutations in the background of Kir3.1(F137S).




Figure 4. The Effect of Mutation at Position
Kir3.1(C179X)/Kir3.4(C185X) on the Hetero-
multimeric Channel Basal Activity and on the
Extent of m2R Stimulation
(A) Bar graph representing the basal channel
activity at 280 mV (left), and on the right
panel, a bar graph representing the extent of
channel activation by 3 mM carbachol (filled
bar). Carbachol induction is normalized and
presented as percent of control (in 90 K so-
lution).
(B) A cartoon illustrating one possible rota-
meric conformation of the arginine side chain
that can accommodate tight space parallel
to the a helix backbone. For illustration pur-
poses, the arginine rotamer is compared with
three other amino acids mutated in this study
including the cysteine (wild type).
the constitutive activity seen with the mutant channels Single-Channel Analysis
Since the effect of the mutations was to impair channelwas independent of the availability of the Gbg subunits.
In order to more precisely define where in the gating gating by Gbg subunits, we carried out single-channel
recordings intended to identify the gating states thatpathway the identified mutants affect channel activa-
tion, we designed an experiment to test whether another are affected. Cell-attached recordings from oocytes
expressing only Kir3.1/Kir3.4 display very character-component of gating is affected by these mutations.
Since it has been found that phosphatidylinositol-4, istic single-channel activity (Figure 6A), with flickery
openings separated by long closures. In contrast, when5-bisphosphate [PtdIns(4,5)P2] is an essential compo-
nent for gating (Huang et al., 1998; Sui et al., 1998), we the Kir3.1/Kir3.4 heteromultimeric channel is coex-
pressed with Gb1g2, channel activity is mainly charac-tested whether two of the mutant channels depend on
PtdIns(4,5)P2 for activity. We recorded channel activity terized by bursts with a mean burst duration of 133 ms,
with the longest mean open time within the bursts offrom inside-out excised patches and exposed them
to the PtdIns(4,5)P2 antibody. Both Kir3.1(S170P)/ 6.5 ms (Figure 6A). In contrast to the wild-type channel,
when either Kir3.1(S170P)/Kir3.4(S176P) or Kir3.1(C179A)/Kir3.4(S176P) and Kir3.1(C179A)/Kir3.4(C185A) were
sensitive to the PtdIns(4,5)P2 antibody, displaying similar Kir3.4(C185A) are expressed in the absence of added
Gbg subunits, single-channel gating kinetics are mainlyrates of current decay as the wild-type channel (Fig-
ure 5) (Zhang et al., 1999). The wild-type Kir3.1/Kir3.4 characterized by frequent bursting behavior with a mean
bursting duration of 299 and 605 ms, respectively. Thechannel was 50% reduced within 10.8 6 1.8 s, and
the Kir3.1(S170P)/Kir3.4(S176P) and Kir3.1(C179A)/ large increase in the mean bursting duration is the main
reason why the probability of opening of Kir3.1(S170P)/Kir3.4(C185A) channels were reduced within 11.8 6 6.2
and 12.3 6 1.9 s, respectively. These results indicate Kir3.4(S176P) is increased z5-fold (Figure 6C). Both mu-
tant channels also display moderate increases in thethat the mutant channels do not lose their requirement
for PtdIns(4,5)P2 as a cofactor for channel gating and longest single-channel mean open time within the
bursts, to 11.7 6 0.1 ms for Kir3.1(S170P)/Kir3.4(S176P)that the affinity of PtdIns(4,5)P2 to the channel is not
grossly altered. These results suggest that PtdIns(4,5)P2 and 13.3 6 0.02 ms for Kir3.1(C179A)/Kir3.4(C185A),
compared to the wild-type channel expressed withand Gbg open channels via different mechanisms.
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Figure 5. Constitutive Channel Mutants Still
Require PtdIns(4,5)P2 for Activity
(A–C) Continuous recording of channel activ-
ity from inside-out macropatches from oo-
cytes expressing Kir3.1/Kir3.4, Kir3.1(S170P)/
Kir3.4(S176P) and Kir3.1(C179A)/Kir3.4(C185A)
channels. Solid bars represent the time when
the intracellular side of the patch was ex-
posed to PtdIns(4,5)P2 antibody. Ramps were
applied from a holding potential of 2100 to
150 mV every 1 s.
(D) Bar graph summarizing the data, de-
picting the time it took to achieve 50% inhibi-
tion following the initiation of the PtdIns
(4,5)P2 antibody.
Gb1g2 that has a 6.5 6 0.1 ms open time duration (Fig- stood in the form of two gates that are coupled. The
mutations seem to act by “freezing” the channel in theures 6D and 6E). These results show that at the single-
channel level the main effect of these TM2 mutations is activated mode so that Gbg has a reduced (or elimi-
nated) action. In addition, we find that PtdIns(4,5)P2 oc-to increase the channel open probability by increasing
bursting durations. cupancy is essential for the activated state, whether the
activated state is reached as a result of Gbg binding or
as a result of one of the TM2 mutations. The apparentDiscussion
location of the PtdIns(4,5)P2 binding site just at the cyto-
plasmic end of TM2 (Huang et al., 1998), between theUsing a whole-channel random mutagenesis screening
approach in yeast, we have identified unique residues C-terminal Gbg binding site and the pore, suggests that
this domain may act to couple Gbg binding to channelin the TM2 domain that, when mutated, specifically af-
fect the control of channel gating by Gbg subunits of opening and that PtdIns(4,5)P2 may have the essential
function of stabilizing the coupling domain in the acti-the G protein. The common location of mutations to
emerge from the screen was in two places in the second vated conformation.
How can we understand the effect of the proline sub-transmembrane domain. The structural and mechanistic
implication of these mutations for channel function is stitution in the middle of the TM2 domain? Mutations at
Kir3.1(S170)/Kir3.4(S176) to proline but not cysteine, theexplored below.
Our findings can be summarized as follows: (1) muta- corresponding residue in Kir2.1, eliminated the chan-
nel’s ability to gate in response to receptor stimulation.tions at two amino acid positions, in the middle and
internal end of the TM2 domain, made channels con- It has been shown previously that the presence of a
proline in the middle of an a helix may create a kink institutively active in the absence of Gbg and reduced the
responsiveness to receptor stimulation and to overex- the helical structure of about 268 (Barlow and Thornton,
1988), probably due to proline’s inability to form intermo-pression of Gbg subunits. (2) Single-channel recordings
showed that these mutations increase the probability of lecular hydrogen bonds (Williams and Deber, 1991) and
due to the steric constraint imposed by the side chainchannel opening and that they do so in two ways, partially
by increasing open times within bursts, but mainly by pyrrolidine ring (Hurley et al., 1992). Since it is thought
that the TM2 domain in inwardly rectifying K1 channelsincreasing burst duration (Figures 6C and 6D). (3) The
bursting behavior of the mutants was not affected by adopts an a helix structure (Minor et al., 1999; Lous-
souarn et al., 2000), it is possible that the proline mutationGbg, but did respond to another activator, PtdIns(4,5)P2.
The channel has two known types of gating transi- induces a kink that forces the helix into the activated
conformation. To examine this idea, we aligned and en-tions: flickery gating and bursting gating (Ivanova-Niko-
lova et al., 1998; Yakubovich et al., 2000), which may ergetically minimized the Kir3.1 TM2 helix structure with
and without the proline substitution based on the solvedreflect the activity of two distinct molecular gates, as
proposed recently for the activation gating mechanism structure of KcsA (Doyle et al., 1998) and calculated
the helical bend of the wild-type and proline mutantof the 6-TM voltage-gated Shaker K1 channel (Zheng
and Sigworth, 1998). We find that both gating modes segments. These calculations reveal that the bend of
the wild-type a helix backbone has a maximum bendingare affected by the TM2 mutations, although the larger
effect is on bursting. This may be most simply under- angle of about 68, whereas the Kir3.1(S170P)/Kir3.4
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Figure 6. Single-Channel Recordings of the
Wild-Type and the Mutant Channels
(A) Representative single-channel traces re-
corded from Xenopus oocytes expressing
Kir3.1/Kir3.4, Kir3.1/Kir3.4 plus Gbg, Kir3.1
(C179A)/Kir3.4(C185A), and Kir3.1(S170P)/
Kir3.4(S176P) under the cell-attached config-
uration. (B) Single-channel conductance; (C)
opening probability; (D) burst duration; and
(E) mean open time of the wild-type channels
compared to those of the mutants.
(S176P) mutation increases the bending angle to a maxi- active, probably due to the creation of a kink in the TM2
domain.mum of 258 (Figure 7). It appears that the consequence
of such a helical bend may be to create a wider aperture The second group of channel mutants was localized
to the C-terminal part of the TM2 domain, mainly theat the bottom of the inverted teepee (Doyle et al., 1998),
the apparent location of the KcsA gate (Perozo et al., Kir3.1(C179)/Kir3.4(C185) position. To explore the struc-
tural basis for the impaired receptor stimulation in this1999) (Figure 7). Based on this modeling, we propose
that Gbg activation induces a conformational change in site, we mutated this site in both Kir3.1 and Kir3.4 to
all naturally occurring amino acids. We considered thethe TM2 domain that permits the bursting gate to open
and that the proline in the middle of TM2 stabilizes the character of the mutations that reduced receptor stimu-
lated activity in this site and found no logical patternactivated conformation. It is interesting, in this regard,
to note the presence of two conserved glycine residues when considering polarity or charge. However, it seems
that the size of the side chain at this position may bein TM2. It has been shown before that the presence of
glycine residues in transmembrane a helices can in- critical for channel gating. All of the mutations at this
site that result in a decrease in receptor activation havecrease a-helical flexibility (Chakrabartty et al., 1991; Li
and Deber, 1992). Thus, a TM2 conformational change a side chain smaller than the wild-type cysteine side
chain, with the exception of the arginine substitutionthat activates the bursting gate may be aided by the
presence of the two glycine residues, one of which is that was originally discovered in the screen as well as
lysine, methionine, glutamate, glutamine, aspartate, andadjacent to Kir3.1(S170)/Kir3.4(S176) and one of which
is adjacent to the Kir3.1(C179)/Kir3.4(C185) position. Im- asparagine. In these exceptional cases, we considered
the possibility that the extrusion of the side chain per-portantly, the proline substitution in TM2 did not change
the selectivity or the degree of rectification, indicating pendicular to the TM2 helix axis may also be small when
it adopts the rotamer conformation that is approximatelythat although channel opening was affected, the open
conformation of the pore was not (data not shown). parallel to the a helix axis (Figure 4B). The ability of
the arginine side chain to adopt a compact rotamerBased on all of these observations above, we propose
that the mutation at position Kir3.1(S170)/Kir3.4(S176) conformation is possible due to the flexibility of the
three methylene carbons in the arginine side chain, forto proline alters the helical structure of the TM2 region
in a way that renders the channel constitutively open/ example, as seen in cytochrome P450 enzymes (Oprea
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Gbg-independent inwardly rectifying K1 channels (Sui
et al., 1999). This suggests that this inner end of TM2
is specialized for switching between the deactivated/
closed and activated/open conformations, while fa-
voring the former.
Altogether, our results are consistent with the channel
having two gates, a “slow” bursting gate, which is lo-
cated in, or is tightly associated with TM2, and a “fast”
flickering gate, responsible for the fast closings and
openings of the channel within the bursts, which is lo-
cated elsewhere in the protein, but is coupled to the
bursting gate. Recent evidence from another inwardly
rectifying K1 channel, Kir2.1, points toward the involve-
ment of the selectivity filter region in the fast gating
behavior of the channel (Guo and Kubo, 1998), where
minute movements of the already narrow selectivity filter
region may open and close the pore. This “two gate”
mechanism resembles the situation in the voltage-gated
Shaker channel where two separate gates have been
proposed: an “activation gate” that is associated with
the conformational transition of the intracellular end of
the S6 helix (Liu et al., 1997; del Camino et al., 2000)
and a “pore gate” associated with transitions of the
selectivity filter (Chapman et al., 1997; Zheng and Sig-
worth, 1998).
We find that the “slow” Gbg-dependent gate requires
PtdIns(4,5)P2 for activity. It has been shown previously
that the activity of many inwardly rectifying K1 channels
depends on the presence of PtdIns(4,5)P2 (Huang et al.,
1998). This is due to a direct interaction of PtdIns(4,5)P2
with a conserved arginine in the C terminus of the chan-
nel right below the TM2 domain (Huang et al., 1998;
Zhang et al., 1999). In Kir6.2, this same general region
in the C terminus and in a homologous region to the
Kir3.1(C179)/Kir3.4(C185) position, have been found to
Figure 7. Modeling of the TM2 Conformational Rearrangement dur- affect the sensitivity of Kir6.2 to ATP (Tucker et al., 1998;
ing Gating
Loussouarn et al., 2000). Moreover, it has been shown
Model of the TM2 domains of the wild-type Kir3.1 ([A], closed) and that the levels of PtdIns(4,5)P2 affect the potency of ATPKir3.1(S170P) ([B], open) aligned using the KcsA coordinates (Doyle
to inhibit Kir6.2 channel (Baukrowitz et al., 1998; Shynget al., 1998) (see Experimental Procedures). The introduction of a
and Nichols, 1998). These previously published resultsproline in 170 induces a a-helical kink of around 258 and a slight
suggest a link between PtdIns(4,5)P2 occupancy and thetwist to the C-terminal end of the TM2 domains, which stabilize the
channel in its activated state, probably due to the creation of a ability of ATP to gate the channel. Our results with Kir3.x
wider orifice of the channel inverted teepee structure. channels suggest that PtdIns(4,5)P2 is absolutely re-
quired for channel function either being gated by Gbg
or having a mutation rendering it constitutively active,
et al., 1997). From these experiments, a picture emerges thus suggesting a stabilizing role for PtdIns(4,5)P2 of the
in which mutation to amino acids that have a side chain open gate, as also seen in the case of Kir6.2 channels
containing two carbon methylene groups at the a and (Loussouarn et al., 2000). Since PtdIns(4,5)P2 is universal
b positions yield constitutively active channels. We thus in its action, acting on many inwardly rectifying K1 chan-
propose that the side chains at position Kir3.1(C179)/ nels (Huang et al., 1998), it seems probable that
Kir3.4(C185) face a tightly packed area in the open con- PtdIns(4,5)P2 acts on an obligatory structural determi-
formation, such as a neighboring a helix as seen in nant affecting channel function regardless of the gating
Kir6.2 (Loussouarn et al., 2000) or in open Kir2.1, where state of the channel.
Kir3.1(C179)/Kir3.4(C185) correspond to alanine at posi- In conclusion, using a novel screening approach utiliz-
tion 178 (Lu et al., 1999; Minor et al., 1999). Small amino ing a random screen of the entire sequence of a mamma-
acid side chains or flexible side chains allow for a tighter lian channel for impaired gating in yeast, we have identi-
helix packing with the neighboring TM2 a helix, placing fied TM2 as a gating structure that specifically controls
the channel in the activated conformation which (for the opening of Kir3.x channel by G proteins. Binding of
cysteine) are normally achieved with the aid of energy Gbg to the N and C termini of the channel transmits
of binding of Gbg. a signal to the channel gate. We propose that coupling
One interesting observation is that residues 179–182 of subunit activation by Gbg to the opening of the
in Kir3.1 and the amino acids in the analogous position gate occurs via a conformational rearrangement of TM2
in the other members of the family, constitute the only and the membrane proximal C-terminal domain, where
PtdIns(4,5)P2, which is essential for Gbg-dependent acti-stretch of Kir3.x-specific residues, when compared to
Neuron
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in the presence of 2 mM KCl 6 1 mM methionine. Nineteen candi-vation, is thought to bind. Based on the action of our
dates remained. They were sequenced and found to correspond tomutations, we conclude that the primary effect of Gbg
five parent mutant groups classified by the type of mutations theyis on the channel’s bursting gate, with a smaller, perhaps
contained (See Table 1).
indirect, effect on the flickering gate. It is interesting to
note that similarities in the effect on gating of mutations
Site-Directed Mutagenesisin TM2 of Kir3.x and Kir6.2 channels suggests that acti-
Subcloning was done to introduce specific mutations into the humanvation by G proteins and the inhibition by ATP (which
Kir3.1channel (Dascal et al., 1993; Kubo et al., 1993) when feasible.
both bind in the C-terminal domains of the channels) Otherwise, site-directed mutagenesis was done based on PCR of
may depend on the same molecular gating system op- the full-length plasmid pGEMHE using the high-fidelity Pfu polymer-
erating in opposite directions. ase (method by Stratagene, Pfu polymerase by Promega). Segments
containing the mutation were subcloned back into the channel wildWe propose that the Kir Gbg-activated bursting gate
type and verified by sequencing.may open via a gating conformational rearrangement of
TM2 similar to the one that opens the KcsA channel in
response to proton binding (Perozo et al., 1999). Due to Western Blotting
Channel proteins expressed in yeast were extracted by cracking thethe topological similarity of the membrane-associated
membrane using glass beads in the presence of urea/SDS extractionstructures to other K1 channels and due to the involve-
solution. When using proteins expressed in Xenopus oocytes, crudement of these regions in channel gating (Doyle et al.,
membrane fraction was purified by collecting the supernatant of a1998; Tucker et al., 1998; Zheng and Sigworth, 1998;
20–30 whole oocyte extraction at 1000 rpm followed by precipitation
del Camino et al., 2000; Loussouarn et al., 2000), we at 15,000 rpm. The pellet was then solubilized in 1% Triton X-100
suggest that the last gating transition from the closed containing solution, combined with a loading buffer, incubated at
508C for 30 min, and loaded on a 10% polyacrylamide gel. Conven-to the open state may be evolutionarily conserved
tional methods were used to blot and probe with Kir3.1 antibodyamong K1 channels.




Channel mutants were subcloned into pGEMHE expression vector
A library of human GIRK1/Kir3.1(F137S) channel was made using
and cRNA was transcribed using T7 RNA polymerase. Oocytes were
standard PCR methods with Taq polymerase (Boehringer Mann-
surgically removed from female Xenopus laevis frogs anesthetized
heim) in the presence of salt conditions that reduced fidelity control.
with 0.15% (w/v) Tricaine (Sigma). Oocytes were defolliculated by
The reaction mixture contained (in mM) the following: dCTP, 1;
shaking in Ca21-free ND96 solution containing 2 mg/ml type 1 colla-
dGTP, 1; dTTP, 1; dATP, 0.2; MnCl2, 0.5; and MgCl2, 5.5. Random genase (Worthington) for z1 hr at room temperature. The oocytes
mutagenesis was carried out in ten individually prepared reaction
were then washed in ND96 solution. Healthy looking stage 5–6 oo-
tubes to increase the diversity of the mutant library. The sense
cytes were selected and microinjected with 50 nl cRNA of the various
primer was 59-GCACAATATTTCAAGCTATACCAAGCATAC-39 and the
channel mutants alone (0.1–5 ng) or channel with m2 muscarinic
antisense primer was 59-TGGAGACTTGACCAAACCTCTGGCG-39.
receptor (0.5 ng) or hamster b1 and bovine g2 (0.5 ng each) or Gas
The primers were designed to cover the entire length of the
(5 ng) or Gai2 (5 ng) subunits. cRNA concentration was estimated
Kir3.1(F137S) channel mutant. Each of the primers was used at 100
by formaldehyde gel.
pmol in a final reaction volume of 100 ml. The amplification reaction
was preceded by a 2 min 948C denaturation step followed by 15
cycles of 948C (30 s), 608C (30 s), and 728C (2 min) and was concluded Two-Electrode Voltage Clamp
by a final elongation step of 15 min duration at 728C. The ten reac- Two to seven days following oocyte injection, currents through the
tions were combined and subcloned into p416/Met25 plasmid under expressed channels were recorded by the two-electrode voltage
the control of O-acetyl homoserine promoter, which is repressed in clamp (TEVC) technique using a CA1-B amplifier (Dagan) (Reuveny
the presence of methionine (Mumberg et al., 1994). The library was et al., 1994). Electrodes were filled with 3 M KCl and had a resistance
transformed into DH5aF9 cells using electroporation and plated onto of 0.1–0.6 MV. Data acquisition and analysis was done using the
18 150 mm plates to yield z7.5 3 104 independent clones. Library pCLAMP 6.04 software package (Axon Instruments). Recording ex-
amplification was done using standard protocols. ternal solution (90K) contained (in mM) the following: 90 KCl, 10
HEPES, 2 MgCl2, pH 7.4 (KOH). Mutant channel selectivity was
Yeast Transformation and Screening checked using ND96 solution containing (in mM) the following: 96
One hundred micrograms of the channel library DNA was trans- NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 5 HEPES, pH 7.4 (NaOH).
formed into the SGY1528 yeast strain (Tang et al., 1995) using con-
ventional LiAc transformation. The transformants were plated on
appropriate selective media supplemented with 100 mM K1. After Patch Clamp
Single-channel currents were measured by the cell-attached config-growth for z72 hr at 308C, they were replicaplated onto 2 mM K1
plates. Low and high potassium plates were made by using the uration of the patch-clamp technique using an Axopatch 200B am-
plifier (Axon Instrument). Current traces were low-pass filtered at 5following components: -ura/-met/-his/-trp dropout powder, 1.5%
SeaKem LE agarose (FMC), 24 mM H3PO4, 6 mM MgSO4, 0.6 mM kHz, digitized at 94.4 kHz (VR-10B, Instrutech), and stored on a VCR
tape. For analysis, data segments of interest were low-pass filteredCaCl2, 2% glucose, 24 mM H3BO3, 0.5 mM Cu(II)SO4, 1.8 mM KI, 3.7
mM Fe(III)Cl3, 7.1 mM MnSO4, 2.5 mM Na2MoO4, 4.2 mM ZnSO4, 25 at 1 kHz using an 8-pole Bessel filter (Frequency Devices), digitized
at 5 kHz, using Digidata 1200B (Axon Instruments), stored on anM biotin, 5 mM D-pantothenic acid hemicalcium salt, 13 nM folic
acid, 9.7 mM nicotinic acid, 4.4 mM p-aminobenozoic acid, 5.8 mM computer hard disk, and analyzed. Both the pipette and bath solu-
tion contained (in mM) the following: 30 NaCl, 140 KCl, 5 EGTA, 10pyridoxine·HCl, 1.6 mM riboflavin, 3.6 mM thiamine, 100 mg/ml ampi-
cillin, and supplemented with either 2 mM or 100 mM KCl. Arginine HEPES, 2 MgCl2, pH 7.35. When necessary, the patch pipette also
contained 50 mM GdCl3, aimed at blocking the endogenous mech-(free base) was used as the nitrogen source and to pH 5.9. Following
growth for another z72 hr, colonies were picked and resuspended ano-sensitive channels (Yang and Sachs, 1989). For macropatch
experiments, FVPP solution was used in the bath (Huang et al.,in 96-wells containing PBS/25% glycerol and spotted onto 2 mM
K1 selective plates with or without 1 mM methionine. Those colonies 1998). PtdIns(4,5)P2 antibody (PerSeptive Biosystems, Framingham,
MA) was dissolved in 500 ml ddH2O and fractionated as a 1003that grew in the absence but not the presence of methionine were
considered tentative positives. DNA was isolated from the yeast stock. Stock antibody was diluted immediately before use in FVPP
solution.clones and retransformed into fresh SGY1528 to confirm phenotype
Gbg Gating via Pore Elements in GIRK Channels
679
Data Analysis Doyle, D.A., Morais Cabral, J., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,
Cohen, S.L., Chait, B.T., and MacKinnon, R. (1998). The structureSingle-channel kinetics analysis was done using pCLAMP 6.04 soft-
ware. For the burst duration analysis, a critical time (tc) was chosen of the potassium channel: molecular basis of K1 conduction and
selectivity. Science 280, 69–77.such that all openings separated by closures less than tc belonged
within a burst, and bursts were separated by closures greater than Duprat, F., Lesage, F., Guillemare, E., Fink, M., Hugnot, J.P., Bigay,
tc. This was achieved by solving the following equation for tc (Col- J., Lazdunski, M., Romey, G., and Barhanin, J. (1995). Heterologous
quhoun and Sakmann, 1985): 1 2 e2tc/ts 5 e2tc/tm, where ts and tm multimeric assembly is essential for K1 channel activity of neuronal
are the short and intermediate time constants, respectively. tc was and cardiac G-protein-activated inward rectifiers. Biochem. Bio-
chosen so the proportion of long intervals that were misclassified phys. Res. Commun. 212, 657–663.
(as short) would be equal to the proportion of short intervals that
Guo, L., and Kubo, Y. (1998). Comparison of the open-close kinetics
were misclassified (as long). The ts and tm were taken from a closed
of the cloned inward rectifier K1 channel IRK1 and its point mutant
time fit to five components. The longest closed time (the fifth) was
(Q140E) in the pore region. Receptors Channels 5, 273–289.
considered to reflect the closed time distribution between clusters
He, C., Zhang, H., Mirshahi, T., and Logothetis, D.E. (1999). Identifi-of bursts. Thus, the tm and ts were taken as the third and the fourth
cation of a potassium channel site that interacts with G proteinclosed time components, respectively. The values used for the burst
betagamma subunits to mediate agonist-induced signaling. J. Biol.duration analysis of ts and tm and tc were as follows: for Kir3.1/
Chem. 274, 12517–12524.Kir3.4, 5.6, 51, and 9.8 ms; Kir3.1(S170P)/Kir3.4(S176P), 11.6, 94,
Huang, C.L., Jan, Y.N., and Jan, L.Y. (1997). Binding of the G proteinand 18.5 ms; Kir3.1(C179A)/Kir3.4(C185A), 7.5, 80, and 13.5 ms,
betagamma subunit to multiple regions of G protein-gated inward-respectively. The open probability was calculated from patches con-
rectifying K1 channels. FEBS Lett. 405, 291–298.taining one or two channels using the NPo software written by J.
Sui. Statistical significance was tested using one way ANOVA or t Huang, C.L., Feng, S., and Hilgemann, D.W. (1998). Direct activation
test. Significant difference was set to be p , 0.05. of inward rectifier potassium channels by PIP2 and its stabilization
by Gbetagamma. Nature 391, 803–806.
Energy Minimization Hurley, J.H., Mason, D.A., and Matthews, B.W. (1992). Flexible-
The TM2 domain of Kir3.1 was energetically minimized under vac- geometry conformational energy maps for the amino acid residue
uum using the GROMOS96 implementation of the Swiss-PDBviewer preceding a proline. Biopolymers 32, 1443–1446.
(http://www.expasy.ch/spdbv/) using 43B1 parameter set without
Inanobe, A., Morishige, K.I., Takahashi, N., Ito, H., Yamada, M.,reaction field. The minimization results were verified using ProCheck
Takumi, T., Nishina, H., Takahashi, K., Kanaho, Y., Katada, T., and3.4. Helix axis angles were calculated using the HELANAL program
Kurachi, Y. (1995). G beta gamma directly binds to the carboxylkindly provided by Dr. M. Bansal (Kumar and Bansal, 1996).
terminus of the G protein-gated muscarinic K1 channel, GIRK1.
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